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ABSTRACT

This report summarizes a three-phase effort in which a throtcleable
monoprof .11ant hydrazine thrustor system for planetary lander vehicles
was investigated. A trade off study with total system weight as the .
primary criteria included 300 to 1200 1bf thrust catalytic and thermal
decomposition chambers, electromechanical and electrohydraulic throttle valve
actuation, and various control techniques. Based on these studies, a 600
lbf catalytic throttleable thrustor system weighing 14.8 pounds was
designed, fabricated, and demonstrated. This thrustor, together with an
electromechanically actuated throttle vaive incorporating position feedback
control, demonstrated performance/response levels consistent with planetary
lander requirements.

This repert contains information prepared by
TRW Systems Group under JPL subcontract. Its
content is not necessarily endorsed by the

Jet Propulsion Laboratory, California Institute
of Technology, or the National Aeronautics

and Space Administraticn.
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1. INTRODUCTION AND SUMMARY

The Throttleable Thrustor System (TTS) program was conducted for the
purpose of advancing the hydrazine monopropellant engine technology required
for planetary soft landing missions. The program was performed in three
phases:

o Phase I - Concept Selection
® Phase II - Detailed Design
¢ Phase III - Fabrication and Test

A representative Mars landing profile involving atmospheric decel-
eration, parachute descent, and propulsive terminal landing was used to
establish thrustor/system requirements.

For the purpose of the study, the propulsion system configuration was
identical for all the systems evaluated except for the design of the
engine itself. A schematic of the basic system used in the performance
studies is presented in Figure 1. The primary measure of system perfor-
mance was considered to be the total propulsion subsystem mass.

The throttling duty cycle presented in Figure 2 was arbitrarily
selected for purposes of estimating average specific impulse and total
impulse. Although a thrust range of 300 1bf to 1200 1bf was studied, the
emphasis was on the 600 1b, engine and 1200 b, initial lander weight
because this technology appeared more relevant to current needs. The
normalized percent thrust versus time of Figure 2 results in a total impulse,
and therefore vehicle size, which is a direct function of thrust level.
This approach was selected over the possibility of considering a constant
vehicle size with variable maximum thrust engines. Table 1 presents the
specific requirements applied for the study and design.

The selection of the basic engine design was achieved during the Phase
I program, where eight conceptual designs were evaluated primarily on the
basis of total system weight. During this phase of the program various
reactors, nozzles and flow control devices were evaluated. The final
engine configuration was choosen based on its relatively low system weight
and utilization of "state-of-the-art" technology.

-1-
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Table 1. Throttleable Thrustor System Design and
Performance Requirements )

Parameter TTS Design Goal
Thrust 300, 600, 1200 1bs
Throttle Ratio 65:1 Minimum
(At Constant Inlet Pressure) 10:1 Goal

No Separation At

Nozzle Separaticn Criteria P
AMB = 0.3 psia

Life 500 sec

210 1bf-sec/1bm, Minimum

Specific Impulse (Ambient Pressure - Vac.)

, . 6 Cycles of
Heat Sterilization 64 Hours/Cycle at 275°F
Step Response (to 90%) < 75 msec
Overshoot < 25% of Step
Frequency Response (5 CPS)
Amplitude Ratio >0.70 @ 60 + 10% Thrust
Phase Angle > ~-45°

During Phase II, additional design details were evolved from a more
sophisticated analysis of the requirements and operating characteristics
of the rocket engine assembly. Materials were selected based on their
structural properties and minimum fabrication costs. Throttle valve
requirements were established and procurements of one valve each from LTV
and Moog were initiated. Manufacturing drawings and procedures were
prepared.

The final phase of the program involved the fabrication and test of
the 600 lbf thrust engine assembly. The throttle valves were produced per
the requirements of the TRW technical specifications and applicable inter-
face drawings. A primary feature of the valve development program was the
simultaneous evaluation of two different flow control concepts.

The remainder of this report is devoted to details of the three
program phases and resultant conclusions.

-3-
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2. TECHNICAL DISCUSSION

This section presents the evolution of the TTS through the three
phases from conceptual studies to performance demonstration. The basic
thruster design and operating characteristics were established and demon-
strated. Throttling via non-cavitating position feedback regulated
electromechanically driven valves was selected, and two different types
of valves were built and tested. The only significant problem encountered
in the course of this activity was chamber pressure roughness in the
initial configuration. This was satisfactorily corrected with one
catalyst bed configuration iteration, and all the objectives of the program
were met.

2.1 Phase I - Preliminary Design

2.1.1 Conceptual Design

As a first step in identifying the basic engine configuration, a
preliminary design phase was initiated to evaluate the potential design
approaches and to determine the optimum concept for more e:tensive
development. This study was initially concerned with identifying the
possible alternatives for the various components of the rocket engine
assembly. Basic parameters and assumptions used for the initial study are
outlined in Table 2. Table 3 is a summary of the basic design variations
considered. From this general survey it was possible to combine the
components into nine basic engine configurations of which eight were later
evaluated in greater detail. Table 4 is a summary of the basic system
configurations evolved. The throttle valve selection was based primarily
on "state-of-the-art" development and expected performance while the engine
configuration selection was also influenced by a determination of the
expected total weight of the propulsion system. Note that the circled
numbers in Table 4 identify the design concepts used in the respective
configurations selected for further study.

2.1.2 Systam Evaluation

Based on the established requirements and ground rules, eight of the
candidate systems were evaluated for performance and weight by a consistent

-4-
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analytical technique. A valid comparison of the various systems was
achieved by developing engine configurations using identical propeilant
feed systems in all concepts. The method of analysis invoived two basic
romputations; first to determine the performance cf each engine over the
range of operating variables considered, and second tc compute the system
mass and ideal velocity increment for each case. The system optimization
was performed to determine the most desirable configuration with overail
systems mass a primary consideration. The ideal velocity increment (aV)
generally represents the most significant parameter for propulsion system
evaluation and is exprecsed as:

-— i

AV=ISgln "

W, ]

where T;'is average specific impulse and Wi-is the ratio of the initial

(pre-maneuver) mass to final (post maneuveﬁ) mass. Equivalent systam

weight calculations indicated that the velocity increment calculation was not
not necessary to establish relative merit. Therefore, system weight values
were used as a basis for optimization. In addition, it was necessary to
identify the optimum chamber pressure, expansicn ratio and mass velocity

(G) for the selected concept. It is important to note that the lightest
engine does not necessarily produce the lightest system since operating
pressure requirements and specific impulse are significant influence
parameters. Consequently, the total propulsion system concept must be
considered if meaningful results are to be achieved.

Engine Perfoymance

The engine performance was determined for each of the candidate engine
erations. Two reactor designs (catalytic and thermal decomposition) and
four nczzle types (DelLaval, fixed and variable throat expansion deflection 1
and plug) were evaluated. The characteristic exhaust velocity (C*) was "
established for each chamber design based on test experience for the
was established for each chamber design based on test experience for the -
range in thrust surveyed. Figure 3 shows a compariscn of C* for each
design as a function of percent thrust with the fraction of ammonia
dissociation (X) indicated. The data presented were measured on engines

I
- I
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which had a chamber pressure of approximately 300 psia at thrust levels of
400 to 600 1bf. Note that a slight performance increase can be realized
with the thermal decomposition reactor and this advantage increases as the
engine is throttled to lower thrust levels. The primary reason for this
increase in performance with the thermal decomposition chamber is due to
the decrease in ammonia dissociation achieved with the lower surface area
heat sirk material as compared to catalyst.

Thecretical values of the important decomposition parameters are
indicated in Figure 4. Based on the assumed dissociation during throttling
the pertinert gas properties are shown in Figure 5. The C* performance
is independent of chamber pressure based on theoretical and expe%imenta]
results.

The thrust coefficient (CF) is influenced primarily by the particular
nozzle type and expansion ratio. Values for the nozzle efficiency and
effective specific heat ratios were selected on the hasis of experimental
concepts.

The Rao nozzle CF was used in the Delaval nozzle engine configurations.
However, the one dimensional CF was used for expediency in defining nozzie
performance of the advanced nozzle concepts because additional sophistica-
tion was not warranted at this point in the study. The resultant vacuum
thrust coefficient under various throttling conditions is shown as a
function of area ratio in Figure 6 for the Del.aval and advanced nozzle
cencepts.

Engine performance with the conventional nozzle was computed over the
entire range in chamber pressure and expansion ratio without consideration
of possible separation at the nozzle exit because of the possible
variations in ambient pressure, expansion characteristics and separation
criteria. Figure 7 shows the range in separation conditions based on the
Summerfield criteria, i.e., separation in the nozzle occurs when the exit
pressure is equal to or less than 40 percent of ambient pressure. Applying
this criteria to the optimum design which employs a DeLaval nozzle and a
relatively low chamber pressure and expansion ratio indicates that separa-
tion will not occur with a 10:1 throttle ratio and 0.3 psia ambient
pressure based on the two dimensional results. The performance of the two

-10-
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dimensional nozzles is different from the one dimensional results due to
the difference in static pressure at the nozzie wall. For optimum contour
nozzles designed by the method of Rao, the pressure varies across the
nozzle exit and the wall pressure is appreciably higher than the one
dimensional result thus allowing higher expansion ratios.

The specific impulse was computed for each system over the expected

1ing range based on the classical relationshin:

) C*CF
s g
The performance of the various configurations at a maximum chamber pressure
of 200 psia and expansion ratio of 20:1 is shown in Figure 8 with a com-
parison showing the performance loss due to the specified ambient
atmospheric pressure (0.3 psia) displayed in Figure 9. The thrust coef-
ficient (CF) advantage of the advanced nozzle concepts is evidenced by the
higher performance achieved during throttiing operation.

I

Figure 10 shows the conventional catalytic engine performance as a
function of area ratio for a 5:1 throttle ratio with the one dimensional
separation points indicated. The optimum area ratio shifts as a function
of the throttle point because of the finite Pc/Pa ratio. For the mission
conditions used in this study, approximately 30 percent of the propellant
is consumed at thrust levels less than 50 percent.

The effect of chamber pressure on engine performance is shown in
Figure 11. For hydrazine engines, the specific impulse is less sensitive
to chamber pressure than for bipropellant engines due to the small effect
on the generated gas properties and reaction temperature. However, thrust
coefficient losses produce a significant performance decrease at chamber
pressures less than 200 psia and an ambient pressure of 0.3 psia. If the
Mars atmospheric pressure is lower, as is now expected, the optimum chamber
pressure decreases. One encouraging aspect, though, is the fact that total
system weight is relatively insensitive to chamber pressure and expansion
ratio selection.
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Engine Weight
The engine weight was determined utilizing the detailed weight
breakdown computed for each o’ the preliiminary designs s a baseline and
employing appropriate scaling criteria. The effects and ranges of the
following variables were studied:

Thrust 300, 600, 1200 1bf
Chamber Pressure 50 to 500 psia
Expansion Ratio 5:1 to 80:1

since the preliminary designs had considered only a thrust level of
600 1bf, the first step was to establish corresponding baseline engine
weights for the 300 and 120C 1bf thrust engines. The chamber dimensions
were established based on maintaining an arbitrary catalyst bed loading of
0.06 lbf/sec-inz.* A minimum wall thickness of .015 inch was maintained
for manufacturing reasons. The baseline nozzle thickness contour was
based on structural buckling criteria for an expansion ratio of 80:1 and
this contour was simply truncated for lower expansion ratios. This
technique yielded nozzle weights that were later determined to be somewhat
conservative, as shown in Figure 12. but the relative effect on the various
engine cc-figurations is identical so that comparisons are valid. The engine
weight includes the throttle valve, catalyst (where applicable), screens,
retainer and plate, thermal standoff and injector. The plug nozzle engines
were sized for a range in expansion ratio, between 20:1 and 40:1. A larger
range was not cons® '?red practical because the reactor bed imposes size
limitations on the annular throat radius. For the expansion deflection
engine, a ull range in area ratic was investigated since there are no
practical limitations on this concept. Based on the results of this study,
summarized in Figure 13, the catalytic reactor with a sphericai chamber and
DeLaval nozzle (System 8) was recommended. This system was selected over the
3-pounds lighter System 5 because thc development risk associated with the

latter did not justify the small weight gain.

*This 0.06 1b/sec-in2*5ed loading is quite conservative and tended to penaiize

the catalytic thruster configurations. However it had no impact on the
outcome of the study.
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2.1.3 Flow Control System

Selection and mechanization of the monopropellant engine throttling
concept was basically governed by the type of reactor used and the desired
throttle range. Additional factors which influenced this decision were
(1) avaijable tank pressure, {2) injector design requirements, (3) chamber
pressure characteristics, (4) engine response, (5) thrust linearity, and
(6) integrated thorttling/shutoff capabilities.

Thrust control can essentially be implemented at three points in the
propulsion system:

e Upstream of the injector
o At the injector

e At the engine throat

Use of any of these methods for a catalytic decomposition engine is relatively

straightforward while the tl.ermal decomposition engine generally requires
control of parallel flow paths: (1) the pilot stage, and (2) the main
reactor. In addition, it is possible to combine actively or passively two
of these control modes if there is some advantage to be gained. This
section describes the general and specific requirements which were used to
select a thorttling concept as well as the throttle valves (2) which were
selected for further evaluation.

System Selection

In order to select a thrust control system, it was necessary to
evaluate candidate concepts for each of the three major subassemblies: (1)
flew control valve, (2) actuator, and (3) control method.

The flow control concepts evaluated inciuded:
o Non-cavitating throttle valve plus fixed area injector
e C(Cavitating throttle valve plus fixed area injector

e Variable area injector
e Non-cavitating throttle valve plus constant delta P injector

e Cavitating throttle valve plus constant delta P injector

® Variable throat area nozzle
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In order to maintain overall guidance loop stability, it is necessary
to provide a thrust versus command signal characteristic (gain) which does
not change by more than approximately 2.4:1% over the total tank pressure
range. A summary of the gain ratio characteristics for the various flow
control concepts evaluated are presented in Figure 14 and shows that the
use of a non-cavitating valve or variable area injector is acceptabie
for maximum chamber pressure designs beiow 500 psia. Covitating va
provide the minimum gain ratio due to their independence of downstream
elements (i.e., conductances). In order to minimize this gain ratio
(defined as the ratio of maximum to minimum gains at a given throttle
setting), a linear relationship is requircd at the average tank pressure
with variations over the pressure range depending upon the type of metering
valve selected. The variation in gain ratio as a function of pressure
distribution for a 600 1bf maximum thrust engine is shown in Figure 15.
This figure was based on a total available tank pressure of 500
psiz and shows that as the catalyst bed pressure drop increases, the
chamber pressure must be reduced to maintain the flow gain ratio below
2.4:1.

A thrust control system using upstream flow throttling was selected
primarily due to its being a proven concept capable of meeting all the

design requirements and thus representing a minimum development risk
approach. However, a variable area injector system has several potential

advantages including weight reduction which warrants further investigation.
The primary advantage of the variable area injector is shown in Figure 16
where a comparison of the pressure budget for the eight candidate systems
is presented. Systems 3 and 5 use injector throttling.

2.2 Phase II - TTS Detail Design

2.2.1 System Optimization

At the conclusion of the parametric engine system weight study it was

recognized that a more detailed examination of the recommended configuration

—_—
This is based on Viking control requirements as defined at the time of
this study.
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was required to verify the optimum chamber pressure, chamber diameter and
exnansion ratio. Thus, the detailed design was focused on a 600 1bf
chrust catalytic unit and a more precise analysis of thrustor parameters
influencing system weight was undertaken. The system models were refined
to include nozzle/chamber shapes and contours, catalyst bed weight and
pressure drop as a function of geometry, performance estimates under
various throttling conditions and ambient pressures, and propellant tank

waladbad &n frundam Anawna
ciavea w0 SySiSwm Tpeiva
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propellant, pressurant, and tank weights were then recalculated as a

function of maximum chamber pressure, expansion ratio, and chamber diameter

to arrive at optimum conditions.

Thrust Chamber Weight

The engine dimensions were computed by varying chamber pressure and
diameter as parameters in the following equations. The engine weight was
computed by summing the weights of the components:

W

= Mo, + Wy + W

E CH N CAT

where NCH = chamber weight
NN = nozzle we ight
W = fixed weight
wCAT = catalyst weight.

The weight of catalyst influences the required chamber volume and was
approximated from:

W .0495 ¢ M *2%% A

CAT
where C

.446,, .306
car /P

empirical anti-flooding constant

2
ACAT = chamber cross sectional area, in

=
(]

maximum flow rate, lbm/sec
maximum chamber pressure, psia

O
]

Since the chamber must be designed for the maximum upstream chamber

pressure, 1t was first necessary to compute the catalyst bed pressure drop.
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Grant's® generally accepted packed bed drop equation relating catalyst bed
porosity, specific surface area, mass flux, length, and cperating pressure
to pressure drop was used. The weight of the chamber was then computed
from the sum of the shell weight and catalyst retainer weight.

Wen = AsTsos * ApTpop
]
where AS = nDc‘ (spherical chamber)
TS = PCU DC/4 » shell thickness

while Ay = f (VCAT» D¢ and head space) from chamber
volume versus height subroutine

and TR = (APcAT DRZ/S.ZoR)1/2, retainer thickness

The nozzle weight was determined from a structural criteria curve input
based on the thrust level and expansion ratio while the fixed weight is a
constant derived for the particular engine configuration and includes such
items as injector, screens, mount plate, thermal barrier, throttle valve

and filter.

Propellant Consumption

The quantity of hydrazine used for the representative Mars landing
mission was based on the thrust profile presented previously in Figure 2.
This mission profile was evaluated for a range in thrust level (or total
impulse) to identify the approximate payload capability. The thrust-time
curve was integrated to obtair a total impulse which corresponds to the
approximate lander weight of 1200 1bs for the 600 1bf engines. Since
the specific impulse of the engine is a function of the throttle ratio,
it was necessary to integrate the propellant consumption for each thrust
increment by dividing the corresponding total impulse by the specific
impulse as follows:

*A. F. Grant, Jr., Basic Factors Involved in the Design and Operation
of Catalytic Monopropellant Hydrazine Reaction Chambers, JPL Report No.
22-77, December 1954.
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Propellant Tank Weight

The propellant tank was sized to allow sufficient ullage for employing
a nitrogen blowdown pressurization system at a ratio of 2 to 1. A single
spherical 6 A1-4V titanium with a safety factor of 2.2 was employed in
this study. Assuming an isentropic blowdown with a 50 percent pressure
decay, the resultant tank volume is approximately 2.7 times the volume of
propellant. Figure 17 shows the effects of specific heat ratio on required

tank volume for a range in pressure ratio.

The tank weight was derived from elementary stress relationships and
an empirical curve fit of typical flight weight tanks. By combining the
above factors, the tank weight can be expressed as:

i} 2.35
Wr = KiPyDr

i 1/3
where DT (GZWp/ﬂpp)

Figure 18 shows the spherical
titanium tank weight data as a

2 0|

function of pressure and diameter. " 4‘& ReNTROPIC Ao
7.0 ‘
Pressurant Weight .
Propellant tank pressure was s

determined by summing the chamber

pressure and system pressure losses
at full thrust for each system.

ol
|

Vransx VeororetLant

With the initial tavk pressure and oesion

volume established, the pressurant

AN
N\
N

N
weight was computed from the perfect N ..
gas law. ﬁ‘\~\\\j~::§:-~,,
\\

System Weight

The system weight was based on
the simplified propulsion system . i

concept shown in Figure 1 and does Piatia Phnead

Figure 17. Propellant Tank Yolume Ratio
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not include payload, support structure or avionics. The expression for
system weight can then be stated as:

ws = 3WE * Hp + wT = wgas + wc

The component weight (Hc) includes two squib actuated valves, a filter and
associated service cunnections and plumbing and was fixed at 5 pounds for
the 600 1b, thrust, 1200 1b_ payload case.

Results

The engine design optimization studies were performed not only for a
range in engine chamber pressure, chamber diameter and expansion ratio,
but also consicered two chamber geometri: shapes: spherical and \fi major/
minor axes ratio elliptical. A comparison of the two designs is shown in
Figure 19 with some of the more significant facts tabulated. The increased
dimensions and appreciable increase in volume with potential reduced
response were the primary factors in the elimination of the spherical
namber despite its slightly lighter weight.

In determining the optimum chamber shape and more importantly the
chamber pressure and diameter, a careful assessment of the catalyst bed
pressure drop is required. An inspection of the appropriate equations
indicates that if the chamber pressure is too high the prope’lant tank
weight becomes excessive, while with low,chamber pressures the system
weight may also be increased due to lower engine specific impuise and high
catalyst bed pressure drop. This situation is illustrated in Figure Z20.
The effects of chamber pressure and shape on system weight are shown in
Figure 21. This figure is representative of a family of plots for chamber
pressures ot 150 to 400 psia.

The r1esults of the engine design optimization study are shown in
Figures 22 and 23. These are compilation plots of the optimum conditions
for each chamber pressure for atmospheric pressures of 0.3 and 0.1 psia,
respectively. Figure 22 shows that for the atmospheric pressure of 0.3
psia, the optimum chamber diameter was 6.0 in., the expansion ratio was
19.6 and the chamber pressure was 280 psia. The calculations were
repeated for an atmospheric pressure of 0.1 p: a, which is nearer the
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expected value for the Mars surface pressure,* and the results are shown

in Figure 23. In this case the optima were: dc = 6.5 in., Pe = 225 psia
and € = 21.2 Based on these results, the parameters selected for the TTS
design were: dC = 6.5 in., ¢ = 20:1, and Pe © 200 psia. The selection of
a chamber pressure slightly below the nominal calculated is justified by
the tendency toward a lower optimum point for increased AV missions and the
pressure budget margin afforded to improve valve linearity, thruster
matching, and system design contingancy. Note that the overall system

weight penalty for this pressure margin is less than 1 pound in 172.
2.2.2 System Design

The detailed mechanical design of the TTS was thus initiated based
on the study results. The primary improvements to the design as conceived
at the end of the Phase I were:

e Optimization of the chamber pressure at 200 psia and expansion
ratio at 20:1

e Seiection of a \/E.ei1iptica1 chamber rather than a spherical
design to improve the volumetric efficiency

o Increasing the chamber diameter from 6.0 to 6.5 inches to reduce
catalyst pressure drop and propellant mass velocity

e Changing the cylindrical thermal barrier to a conical design to
alleviate chamber stress

e Incorporation of a TZM cantilever catalyst support
plate

o Development of a six bolt mount plate with overcenter loading and
thermal insulator to improve design efficiency

e Improvement in the throttle valve service ports to reduce over-
hang and optimize integration with the engine.

The resulting design is shown in Figure 24** with the LTV electro-
mechanical throttle valve. The design also provides for mounting of the
Moog rotary valve and will accept an adapter plate between the thrust

*Based on Mariner ‘69 dava, the Martian atmospheric pressure is nearer
0.1 psia than the conservative 0.3 psia assumed originally.

**This Figure represents the final design (see Section 2.3.3).
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chamber and valve to provide measurement of pressure in the injector.
Pertinent analyses and component designs are discussed below.

A propellant inlet filter (not shown) is also provided on the valve
inlet. This filter has a 35 micron absolute rating and is capable of
handling 0.25 grams of AC fine dust with a maximum drop of 10 psi at rated
flow. The selected design incorporates a conical pieated screen element
which has been qualified on a previocus TRW program. Since the unit was built
basically for ground testing, a flight weight design could possibly reduce
the weight as much as 50%. The filter is made entirely of 300 series
stainless steel, and is of an all welded construction.

Thermal Analysis

A primary consideration in the design of the TTS was the heat transfer
from the reactor to the throttle valve. Temperature profiles were estab-
lished for two baseline designs; one employing a cylindrical thermal barrier
attached to a relatively cool section of the thrust chamber and one
employing a conical thermal barrier attached to a relatively hot section of
the chamber outside diameter. A schematic of the model is shown in Figure
26. The results .. these studies indicated that relatively modest temper-
atures are expected at the throttle valve with either design. The mest
extreme temperature environment was determined to be for a 67 second 20%
thrust test based on the 24,120 lbf-sec total impulse requirement. This
data was used in determining the thermal stress in the thrust chamber
and thermal barrier. Typical resultant temperature distributions are
shown in Figures 26 and 27 for thz lected conical thermal barrier. As
Figure 27 shows, the EPR injector "0" ving seal remains below the 275°F
sterilization temperature at all times; therefore heat soak following
shutdown is not expected to present any problems. The heat balance at
the valve chamber interface is shown in Figure 28. As indicated, the
temperatures at this location are so Tow that very little heat is lost
by radiation. Details showing the method of reducing the thermal stress
in the head end assembly is shown in Figure 29. The access holes were
provided to facilitate valve mounting and serve no purpose thermally.
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Stress Analysis

The stress analysis performed on the Throttleable Thrustor System
considered both steady state and dynamic (vibration) loads in addition
to thermal stress effects. The results of the steady state analysis are
presented in Table 5. It may be noted that in all cases a positive margin
exists in the assembly. As a result of this analysis the conical thermal
barrier and overcenter mount plate were selected for maximum structural
efficiencv. In addition; an edge subnorted catalyst retainer plate was

recormended to reduce thrust chamber stresses.

The dynamic analysis considered three modes of structural compliance:
shear displacement of the nozzle cone, rotational displacement of the cone
and rotational displacement of the throat. The mass and rotational
inertia of two rigid body mass components were considered: 1) the chamber
and catalyst, and 2) the nozzle downstream of the throat. Structural
natural frequencies were fnund to be 657, 1406, and 2094 Hz. No gross
design changes were required as a result of this analysis which was based
on the vibration spectrum shown in Figure 30.

When stress analysis indicated that the pressure sense lines for eu
and Ped should be of minimum size to reduce discontinuity stresses, a
study was initiated to investigate the effects of sence line diameter on
transducer response. Since the expected chambher presshre oscillations
are less than 200 Hz, the response and amplification of 1/8 x 3 inch lines
were determined to be well within acceptable tolerances. In addition, a
response test was performed on a TRW experimental engine with parallel
transducers attach:d with i/8 and 1/4 lires and only a negligible attenu-
ation was observed.

2.2.3 Throttle Valve Design

Specification EQ 2-229 (Appendix A) was prepared for the flow control
assembly and a procurement was initiated based on this specification. The
nominal flowrate versus command voltage schedule was specified at the mid
tank pressure (360 psia) to minimize variations in system gain over the
2:1 blowdown range as previously discussed. A maximum allowable
pressure loss of 50 psid at maximum flow (2.61 1bs/sec at maximum thrust)
and maximum tank pressure results in the pressure schedule of Table 6.

-45-



ML N

— - r — T ! " |
00°0 + ONO1 w6£°0 ‘w90°0
60°0 + 90°0 G09-1 ONILLOTS ¥31¥¥vE TvYWA3HL 6
SLT°0+ Z/1 X 8/1 G09-1 31Vid ANNOW 8
9L°0 + w¥/1-¥ AVP-9V9 S17108 ONIINNOW L
HOIH cloo c09-1 X3 3N1ZZON 9
861 + 90°0 G09-1 1VvO¥Hl1 S
0£°0 + —_— WZ1 31Vid OZ_Z._<E« ISATVIVD 14
23S ¥3IMO1
0°0 + oL°0
23S 40t 1304dNS 39403 31v1d
G800 + 90°0 G09-1 ONINIVLIIY LSATVIVD €
96°0 + £0°0 G09-1 JIEWVHD 1V JOLD3IrNI
¥8°0 + oL°0 G09-1 JOLD3IMNI ¥IGWVHD 4
&0°0 + 90°0 G09-1 YIEWVHD l
Al34vS 40 “NI

Aiewnuing s3 [nsay SLsA{euy SSakls ‘g 3rqey

e

U VU —

g



i

N M
o

-

N

[N ‘

0.1 y 4 X

o

™

FLAT 550 TO 1000 CPS AT 0.2 GZ/CPS

Comms ..’

ACCELERATION SPECTRAL DENSITY (GZ/CPS)

0.01 ROLL-OFF BELOW 550 CPS AT 3 DB/OCTAVE

- ROLL-OFF ABOVE 1000 CPS AT & DB/OCTAVE ]

[3 V4 OVERALL: 15.7 GRMS ]

' b/ EXPOSURE DURATION: 60 SECONDS -
' .001

100 1,000
FREQUENCY (CPS)

i
o

Figure 30. TTS Laurch and Boost Vibration Spectrum

',;..'J can 3 ——‘» !

-47-

— ———— e ———— — o rom——— ——— e — .- -

4,000



S 1

3
e -y %

N
. }
Rl
S 3
1
!

Table 6. Flowrate/Differential Pressure Schedule

Throttle Setting Flowrate Differential Pressure
(%) (1bs/sec) (psid)
100 2.12 33
95 2.01 54
90 1.91 74
75 1.59 133
50 1.06 224
25 0.53 305
15 0.32 334
10 0.21 348

- The vented leakage requirement was based or the premise that leakage
across dynamic seals could be vented overboard; allowances were eventually
made, however, for storing this leakage during the operating period. No
requirement for an integratea shutoff capability was specified since for
missions of the near future a single startup and shutdown is required
and this is most reliably implemented upstream of the throttle valve
through the use of rormally cpen and normally closed ordnance valves. The
assembly weight and power requirements were based on state-of-the-art
throttle valves and design studies of expected advancements within the
anticipated development time. The step response, frequency response and
linearity requirements were based on the results of JPL and industry
studies of typical terminal landing vehicle stability conditions. Since
the guidance and control system corrects the lander velocity/altitude
profile by incrementally changing the engine(s) thrust level, it is

especially important that the control linearity vary as little as possible.

Step and frequency response requirements are based on the differential
throttling concept by which the three lander engines are used to maintain
pitch and yaw control and to parform the initial pitch up maneuver
necessary to achieve the correct flight path. The heat sterilization

‘ requirement primarily affected materials selection although actuator

operation and lubrication were additional factors.
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Selection of the throttle valves for this program was made after a
survey of potential vendors. LTV Electrosystems, Inc. and Moog West were
eventually chosen because of the near term availability of hardware
resulting from previous work by both companies.

Design Description

The general design features of the LTV liner displacement throttle
valve are shown in Figure 31. The LTV valve is of stainless steel and
aluminum construction to allow hermetic sealing of the actuator cavity
as well as minimum assembly weight. This was achieved through the use
of a Tow pressure bellows which would isolate the actuator from vacuum
to preclude loss of actuator lubricant during coast and from hydrazine
during operation. Further load reduction was obtained by the use of a
pressure balance plug which minimizes the effects of varying propellant
supply pressure. Elastomeric (EPR) seals were used on both the balance
plug and metering pintle shaft.

The valve inlet and outlet ports were located so that the valve
overhang with respect to the engine was minimized; this was accomplished
by locating the inlet near the end of the valve and the outlet close to
the center.

The electromechanical actuator used to position the valve included
a D.C. torque motor and ballscrew assembly which translates rotary motion
into linear displacement. Direct measurement of valve position is pro-
vided by AC in - AC out linear variable differential transformer (LVDT)
with a separate modulator/demodulator unit included in the electronics
rackage. The electronic circuit, shown in Figure 32, indicates the basic
position feedback control loop and key components. The actuator assemt -
is ident*~al to the one used on the Minuteman III LITVC system and,
tharefore, represents a minimum development risk subassembly. Materials
and lubrication studies indicated that the Micronic 631 grease (Bray 0il
Co.) and actuator components provide high reliability even if the low
pressure bellows should fail.

The Moog rotary plug design, shown in Figure 33, possesses several
potential advaniages over a linear valve, but with some associated
development. risk. Poteatial advantages include improved response, reduced
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pressure losses and elimination of all dynamic seals. The latter is
achieved by eliminz*ing the linear displacement and submerging the LVDT

and rotary torque motor in hydrazine. Flow is metered by a vane which
operates directly off of the motor shaft and requlates the flow area of
shaped slots in a sleeve. Since the motor only has to rotate approximateily
40 jegrees, the valve risponse time can be reduced to about 30 - 40 milli-
seconds.

The rotary valve assembly is made of series 300 stainlecs steel and
weighs 2.7 1bm. The design allows total hermetic sealing. The propellant
inlet is at one end of the assembly with the outlet near the geometric
center to provide minimum overhang. The LVDT used for position measure-
ment is driven off a metal band drive and extends perpendicular to the
motor axis, thus, giving the assembly an “L" type geometry. The use of
a rotary variable differential transformer (RVDT) would be desirable in
minimizing the valve envelope and weight and represents an area of
additional design and development. Principal areas for further evaluation
include minimum allowable tolerances, load balancing and relative accuracy
of the LVDT position feedback linkage.

2.2.4 Thrust Chamber Design

The structural and thermal aspects of the thrust chamber cesign have
already been discussed, and this section deals primarily with the injector
and catalyst bed design. The catalvst bed is made up of all Shell 405
catalyst - 14-18 mesh contained in the hemispherical area below the
injector and 1/8 x 1/8 inch peliets filling the remainder of the bed.*

The catalyst bed was designed for a maximum pressure drop of 80 psi and
the injector, 90 psi. The pressure distribution and anticipated gas
temperature over the flow range are shown in Figure 34.

The single element * jector is of the basic TRW "headspace" design
(see Figure 24). Nin- ,-one orifices of 0.031 inch diameter are electrical

*Note that the thrust chamber as it was originally assembled contained a

3.2 inch diameter cylindrical bed of 14-18 mesh catalyst extending from
the headscreen to the catalyst retainer plate. This bed design produced
excessive chamber pressure roughness, ~ + 25%, and was modified to the
configuration shown in Figure 24.
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discharge machined over 90 degrees of its hemispherical tir. The injector
flows into a 3 cubic inch open voiume. This open volume serves as an
internal manifold and to enhance nropellant distribution and vaporization.

The nozzle is based on the Rao contour for an expansion ratio of 20:1.
The entire thrust chamber and nozzle are machined from 1-6G5.

2.3 Phase III - Fabrication and Test

Fabrication of the TTS was initiated upon JPL approval of the Phase II
design and culminated with the production of the uri+ pictured in Figure
35. The weignt breakdown for this unit, a5 pictured, is presented in
Table 7 for the "original" and modified configurations. Both configurationc
were identical externally excep! that the modified unit was 0.060 inch
shorter. The internal modifications are discussed in Sections 2.2.4 anu
2.3.3 of inis report. Note that the thrust chamher was cut open at the
girth weld to make necessary mdifications to the catalyst bed and was
then re-welded without difficulty.

The test program, as originally planned, included a component and
system level test sequence with a tctal hot firing time of 500 seconds.
Simulated altitude, ignition transient, and thermal environmental tests
as well as sea level performence and csterilization were contained in this
series as shown in Figure 36. This tes: sequence was completed through sea
level performance tests using the LTV valve,* but was terminatzd at that
point because of fund limitations. Chamber pressure roughness was en-
countered vith the "original” unic., and it was reworked as noted in Section
2.3.3. The wodified unit was subjected to three sea level t~sts and demon-
strated very good compliance with the Jesiuvn goals.

The remainder of this sectior is devoted to pertinint details of the
fabrication and testing of the TTS and its components.

*
The Moog rotary valve was ordered later than the LTV valve and was not
delivered in time for inclusion in this test progran.
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Figure 35.

Throttleable Thrustor System
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Figure 36. Throttleable Thrustor Test Sequence
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2.3.1 Thrust Chamber Fabrication

An outline of the assembly sequence and detail parts is presented in
Figure 37. The head end hardware was assembled and the fine catalyst
loaded. Prior to electron beam (EB) welding of the chamber to the nozzle,
the TIM plate was disilicide coated and installed after lcacing the coarse
catalyst. The TZM was disilicide coated to prevent oxidation at an elevated
temperature due to hack flow after shutdown. The more significant detaiis
of the manufacturing process and pertinent observations are contained in
the following paragranhs.

Chamber/Nozzle

Due to time and schedule constraints the engire chamber and nozzie
were machined from solid billets. Al1 machining was performed in a tracer
lathe with the internal surfaces completed first. The shell was then
filled with 2 rigid plastic to ailow contour machining of the outside
diameter to a minimum wall thickness at the nozzle exit of .015 inches.
in a future production it is expected that these parts would be machined
from forgings to reduce costs.

Injector

Since the injector is made of a very tough material {L-605) and a
large number of accurate holes are needed in the showerhead configuration,
the EDM process was selected for this detail. This fabrication technique
produces a very accurate and quite repeatable orifice enabling a minimum
of calibration testing. The sizing was initially specified for a small
hole which was hydro-honed to produce the desired flow characteristics by
an improvement in the discharge coefficient.

Head Screens

The head screens were formed using soft tooling. The head screen
assembly was spot welded togetiher and installed in the chamber. A1l joints
were coated with a chrome/nickel braze alloy. A furnace braze technique
was then used o fuse all screens together and to attach the assembly
to the thrust chamber in one operation.
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TZM Plate

The TIM plate was produced by precision milling techniques although
the EvM process might be considered in a production situation. The
primary difficulty in fabricating parts of this material is the undesirable
brittleness which causes chipping of the edges.

Weliding
The present head end design employs two TIG welds to attach the
thermal barrier to the mount plate and engine chamber. During this
welding operation sufficient heat is developed to cause an undesirable
amount of chamber distortion. In future units a redesign is planned which
would require only one EB weld. The final chamber/nozzle weld was performed

by this method with complete success. After a’l welding was completed the
mount plate was final machined to produce engine alignment surfaces.

2.3.2 Acceptance Tests

Acceptance testing of the TTS rocket engine assembly included certain
in-process as well as other non-destructive and performance tests. The
throttle valve, filter, injector and engine assembly were tested on
component basis and are discussed in the following paragraphs. Successful
completion of these tests was a prerequisite to any hot firing demonstration
tests.

Throttle Valve Calibration - LTV Unit

Acceptance tests of the valve were conducted at LTV with flow and
response characterization tests subsequentiy conducted at TRW. These
tests have demonstrated the ability of the valve to meet, generally, the
performance requirements of the TRW specification (Appendix A). The
results of the water flow calibration tests are shown in Figure 38 and a
comparison of requirements and performance is presented in Table 8.

The principal problem encountered during development was meeting the
+ 3% flow accuracy between the 90 and 100% throttle settings. The major
tradeoff reguired was between minimum stroke for response and a larger
stoke for flow accuracy. In order to meet the accuracy requirement, it
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Table 8. LTV Throttle Valve Performance Summary
PARAMETER REQUIREMENT ACTUAL
Proof Pressure 1000 psia 1000 psia

Vented Leakage

Weight

Position Hysteresis

Power Consumption
(Stall)

Step Response

Overshoot

Frequency Response

Maximum Flowrate AP

Linearity

Accuracy

0.004 in3/sec N2H4 at
480 psia

2.5 1bs

1% of Stroke
70 watts at 28 vdc

60 ms to 90% of any
step

15% command step

Amplitude Ratio 2 0.
and Phase Angle 2 -15°
at 5 Hz and 60+ 10%
command

AP < 70 psid at 2.61
Tbs/sec

+ 10% of Nominal

+ 3% of Nominal

None Measureabie at
500 psia for 15 minutes

2.2 1bs

1.1% Maximum

63 watts at 28 vdc

Dry: 55 ms for 100%
Step (Stroke)

Wet: 62 ms for 100%
Step (Stroke)

0%

Amplitude Ratio = 0.98
Phase Angle = - 16°

68 psid

+35% Max @ 10% Throttle
-13% Min.@ 95% Throttle

*+ 3% of nominal
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was necessary to revise the flow/differential pressure schedule of Table 6
and allow a 70 psi pressure loss at maximum throttie instead of the desired
50 psi. This was acceptable from a system standpoint since the thrustor
chamber pressure had been selected at the Towest reasonable Tevel to allow
margin for such a situation (see Section 2.2).

Further design tradeoffs involving valve seat diameter, stroke and
ballscrew Tead (gain) would be required to reduce the required pressure
loss; the latter would be the most likely approach although it would mean
the modification of a qualified component. While the slope (linearity)
of the flow schedule exceeded the desired + 10% level at scme points, this
js an area in which an iterative design/test procedure is normal to achieve
a final plug contour.

Response testing of this valve showed that all requirements could be
met. The step (dry) and frequency response data is summarized in Figures
39 and 40, respectively. The effect of the pressure balance plug on
minimizing the variation between up throttle and down throttle response
times can be seen in Figure 41; it was concluded that additional development
would further reduce the variation.

It should be noted that the flow control assembly was 0.3 1bs lighter
(2.2 1b) than required and has the potential for further weight reduction
while a maximum motor stall power of 63 watts was achieved as opposed to
the 70 watt requirement. Analytical stuéies conducted during the program
also indicated that this motor power level could be reduced to 56 watts
without affecting the response or accuracy requirements. After completion
of these calibration tests, the valve was integrated with the thruster
assembly for environmental and hot firing test-.

Throttle Valve Calibration - Moog Unit

The Moog rotary valve was not delivered in time to include it on an
engine firing or make a direct comparison with the LTV unit. However, it
can be concluded that the original evaluation of these throttle valves
was essentially valid.
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The testing performed on the Moog rotary valve to date has yielded
the following results:

e Sten response is on the order or 35 milliseconds. Further improve-
ment may be possible with changes in the control loop compensation
networks.

e Initial flow tests with a TRW built servo amplifier indicated
1

that the vaive had a nonlinear flow characteristic. It was
determined by Moog that this resulted from a nonlinea~ demodulator
output from the Moog electronics which gave a false position
signal during the orifice shaping. Moog subsequently shaped a

riew orifice to achieve the desired flow schedules.

® An increase in friction level was noted during the testing due to
rough spots on the bearings. This was corrected by replacing the
bearings and assuming concentricity.

General Observations

The LTV valve represents the product closest to a qualified status
and therefore would be the minimum development risk unit. The principal
disadvantage of this unit was the need for a 70 psid pressure drop at
maximum throttle as compared with the desired value of 50 psid. It should
be noted, however, that the reduction in cnamber pressure to 200 psia
permits a higher valve pressure differential while still keeping the
tank pressure Tess than 480 psia. Further design and reliablity tradeoffs
would be required to evaluate the relative merits of ballscrew gain {pitch),
seat diameter and stroke changes to meet the latter value. The Moog rotary
valve while experiencing certain design problems has the inherent capa-
bility for faster response as well as increased reliability due to the
elimination of all dynamic seals. These potential advantages warrant the
further development of this valve for use in future applications.

Filter Calibration

Acceptance test of the filter was performed at the Wintec NDivision of
Cemarc Corporation and consisted of flow capacity, proof pressure, external
leakage and cleanliness. The results of the flow capacity test with water
are shown in Figure 42. As can be seen, the maximum pressure drop for the
assembly is approximately 9.0 psi at rated flow (~19 GPM).
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Engine Laak Test

The engine leak check was performed immediately after (B welding the
chamber to verify the absence of weld porosity. This test was accomplished
by pressurizing the assembly tc 100 psig with helium and using the Mass
Spectrometer method. The throat is sealed by the use of a special throat
plug held in nlace by appropriate tooling. Leakage less than 1 x 10'7
scc/sec constitutes acceptance. In addition to the leakage test, a dye
penetrant inspection was also performed to detect any serious flaws. The
use of X-ray inspection has been found to be iradequate to achieve the
desired confidence in the welding operation. Consequently, the primary
structural integrity test is the proof pressure verification.

Engine Proof Test

The proof pressure test of the chanber was accomplished by sealing
the throat with an aluminum plug held in place by Cerro-Bend (a low
melting point metal). This permits a more realistic test since the
stresses are imparted directly to the chamber shell without the use of a
holding fixture which could atsorb part of the tensile load. The test was
performed at room temperature with 1000 psig nitrogen. This high pressure
simulates stress conditions at 1.5 times the maximum upstream pressure
while the engine is operating, since a factor must be applied to compensate
for the rzduction in preperties of L-605 at an elevated temperature.

When the proof test was completed, the iaroat plug was removed by melting
the Cerro-Bend.
2.3.3 Operational and Environmental Testing System Checkout and

Baseline Sea Level Performance

The first test firing of the TTS was a 10 second checkout divided
intoc 3 1/3 second intervals at 40%, 100%, and 70% thrust. Thruster
operation was generally satisfactory except chamber pressure roughness of
up to + 34.4% was observed. The chamber pressure oscillations were not
truly sinusoidal, but were pronounced at 13-15 cps.

It was concluded that despite the rough operation the testing would be
continued in an attempt to obtain performance data. The duty cycle shown
in Figure 43 was run, producing the following results:
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e Characteristic exhaust velocity of 4370-4400

e Maximum catalyst bed pressure drop of 100 psi decreasins
to 34 psi at 20% thrust

o Chamber pressure roughness increasing with thrust level
from + 9% at 120 1bs thrust to + 26% at 600 1bf thrust.

Response data was clouded by data reading difficulties caused by the rough

operation, bu ared to comnly aenerally with the system requirements.
It was concluded that data of sufficient accuracy and validity was

being obtained to permit assessment of sterilization effects. Thus, the

sterilization series was undertaken as planned.

System Sterilization

The sterilization requirement for the TTS program was developed from
previous studies of the allowable Mars contamination levels. Consequently,
an inert gas heat sterilization method was identified which involves 6
cycles of 64 hours per cycle at 275°F. Due to schedule constraints this
task was reduced to 3 cycles of 35 hours per cycle at 275°F. The sterili-
zation was performed after the initial series of engine checkout and sea
level baseline performance te§ts. Final verification of the heat com-
patibility of the rocket engine assembly was determined by an absence of
performance degradation during a repeat of the initial test series. The
total duty cycle for the sterilization tests are shown in Figure 44.

The rocket engine assembly was installed in the sterilization chamber
with the nozzle down and all ports closed to the gaseous nitrogen
atmosphere at 14.7 psia. The sterilization atmosphere during the test
was:

Gaseous Nitrogen 97%

Oxygen 2.5% maximum

Other Gases 0.5% maximum

Water Vapor Less than 0.1% by weight

Comparison Sea Level Performance Tests

Upon completion of the sterilization cycle, the TTS was fired to
determine any effects from the heat cycling. A i0 second test iike that
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used for checkout was planned. The first firing was terminated after

3 seconds because of a propellant leak in the facility. The second firing
completed the planned cycle, and the run extended to 12.9 seconds because of
a facility propellant valve failure.

Performance was within measurement accuracy of that obtained from the
earlier firings, and it was concluded that the sterilization cycle had

2 b

not influenced the operation of either the vaive o thrustor.

Chamber pressure roughness was somewhat less than previously observed,
but this was attributed primarily to facility modifications intended to
reduce coupling. This operating characteristic was considered to be

unsatisfactory, and it was decided to modify the catalyst bed to correct
the roughness.

Thrust Chamber Modification

- The rough operation was ultimately attributed to poor propellant
distribution through the catalyst bed because of the high resistance of the
14-18 mesh catalyst located directly below the injector and extending the
length of the bed (see Section 2.2.3). The catalyst bed was redesigned to
reduce the depth of 14-18 catalyst to a maximum of 1.2 inches contained
in a hemispherical area below the headscreen, as shown in Figure 24.

The thrust chamber was cut open at the girth weld. The catalyst bed
and screens were removed and replaced. Catalyst used in repacking the
bed was the same as that used in the oriéina] engine except for 0.55 pound
of 1/8 x 1/8 inch catalyst necessary to fill the volume left by the
removed portion of the 14-18 mesh. This make up catalyst was taken from
a similar thruster with comparable firing duration. It had not, however,
undergone the sterilization cycle.

Prior to repacking the catalyst bed the girth weld region was machined
true and thoroughly cleaned, and the reworked headscreen assembly was brazed
into the upper portion of the shell.

The thrust chamber was electron beam welded together for the second
time without difficulty. Dye penetrant and leakage checks were quite
satisfactory. The thruster was thus in its original external configuration
except for the 0.060 inch reduction in length resulting from the machine
cut at the girth,

-74-

—— ]

- ) e bheew el e




(IR

.3

e
&

o

——

Ve Tl .

Modified TTS Performance Tests

A series of three sea level tests was conducted on the modified TTS
ysing the same LTV throttle valve. The duty cycles for these tests are
shown in Figure 45. These tests were all successful and generally
demonstrated the performance goals. Table 16 compares these goals with
the performance demonstrated in this test series. The only goal not met
was step response of the valve and engine. However, the demonstrated
valves satisfy the current requirements for the Viking Mars Lander. The
sterilization time and testing time were reduced as schedule and budget
expedients. There was no indication frem the testing done that the goals

would not be met. The throttling range was limited to 5:1 because of
unchoked nozzle fiow at lower chamber pressures and sea level ambient

pressure.

Measured characteristic exhaust velocity, C*, (Figure 46) remained

essentially co.stant at 4400 ft/sec over the throttle range tested.
the data points are within + 1%, and the 26% thrust point probably represents

data scatter rather than an upward trend in performance.

Table 16. Performance Demonstration Test Results Summary

ATl

Function

Goal

Demons trated

Thrust
Throttle Ratio
Over Expansion

Vacuum Specific Impulse
Durability

Sterilization

Vibration

90% Step Response (engine)
Step Response (valve)
Amplitude Ratio (engine)
Phase Lag (engine)
Overshoot (engine)

600 lbf

10:1

No.separation @o0.3
psia

210

500 sec

6 cycles of 64 hrs @
275°F

15.7 grms random for
one minute

75 msec

60 msec

0.70 @ 60 + 10% F
<45°

<25%

Not measured
5:1
Not measured

*
220 to 230 1bf-sec/1bp
>174 sec (testing incom-

plete)

3 cycles of 35 hrs @
275°F

Not tested

85 msec (80% step)
67 msec (80% step)

@ 60 + 10% F
29° @ 5 cps
<10%

*Based on C* results at sea level
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Chamber pressure, as a function of mass flow rate, reflects the flat C*
performance, as shown in Ficure 47. Note the run-to-run reproducibility of
the data points which indicates that performance is not shifting with
thruster life.

Figure 48 presents the engine chamber pressure roughiiess as a functicn
of mass flowrate. The roughness data shown represents the maximum presstre
osciliation which occurred during each steady s“ate step. The data shows
that three points were siightly above the + 10%* level: + 10.2% at full
thrust, and + 11% and *+ 11.5% at the 40% level. If one were to consider
an average roughness level, these points would be well within the desired
limits,

Figures 49 and 50 present the throttle valve AP and injector aP,
respectively, as a function of mass flowrate. These functions are in ciose
agreement with previous test data.

The catalyst bed AP, as a function of mass flowrate, is shown in
Figure 51. The bed P of 100 psia at a mass flowrate of 2.68 lby/sec is
higher than expected, but did not affect the overall system operation.

Figures 52 and 53 present temperature measurements as a function of

time for Runs B3 - 338 and 339, respectively. Thrze temperatures are given:

gas temperature, chamber weld temperature, and valve mount temperature.
This lower gas temperature measurement is probably caused by a thermal
short of the thermocouple to the chamber shell. The weld temperature is
recorded with an open-end thermocouple tacked to the outside of the chamber
where it cannot Tocally dissociate ammonia, and therefore, could record
higher temperature than the gas measurement.

The frequency response data frcm Run B3 - 339 was analyzed and the
results from steps four through nine are summarized in Table 17 and shown
in Figures 54 and 55. The engine step response and the valve opening and
closing time are summarized in Table 18. This data is not available from
the checkout test (B3 - 337) because of transient switching problems.

*
There was no specific TTS requirement for roughness, and + 10% was assume.l
as an arbitrary goal.

-78-

|——s‘

" ‘ i . ‘ «

CE® S e eeed




8°¢C 9

34NSSaUyd Jaquey) autbul S1L paLiLpon

31PJUMO |4 SSBW 40 uoL3dung y Sy

"/t SANOL]

53s/Vg1 D35/WE1 ‘ILVIMOTA SSYW

4 ¥'e

i : [ NI RN S Y S A
S O P . Lo by . _ .
. m |”..Im .m 1 o _I.
665-%9 "ON NOY¥ 9 S _

gee-Cg "oN NNY O

nmm-mm__ .ozz:x.q
i

81l 91l

[ S
L

A )

i
o
.I-....T...:_ -

I

o @B R heen e

o
b

N’! ',‘

.\,.A.‘..:.,,._s,.}...:.;na:,.é..:.
. - . . N

P

- Sorrrs s ¥

Visd ‘, 01 X 24

-719



pro—e pvem premsna pensm, Py ponay P pe— prow=s — pro—— r g pro— Py L]

33RJMO |4 SSel JO uolloung y Sy
«SSaUYBNOY BuLbul SII PALFLPOY “8f B4nbl4

43S HOV3 NI @3G¥0DR NOILvN1ONTd INSSHd YIGWYHD WNWIXYW JHL SINISTIIR SiHls

535/WE1 ‘21VIMOTS SSYW

9L v'Z (K4 02 81 9"l vl Z'1 0°l 08° 09°

see-Fg oNNNY D o : o e

sge-Fa oN N W : : o R

o¢

IN3D¥Id % F - SSINHONOY

-80-

PR P et



910UMO| 4 SSel 40 uoL3doung y sy

dV 9Alep 213304y}l dulbuz S1L paLliLlpoj 6 dd4nbld

D3IS/WET ‘ILVIMO14 SSYW

_mmw-
T

IJ.

T
.oZ ZDm

0z 8" _. 9°1 vl A 0°l

; NN IS RARES AR MO AR A R T i T

“ CL I I o e S

: R R R P ~ P i i
e AN Tt e i I S ——

T ; S R A S T T N

L _ m | | : M .
R _ T T T et N e
M i e | T _ & ng. o

B e e e e A 8€c--8,"ON NN¥
} .

i

h

H i

T"‘L.' -

8

3
o™
‘d v INTVA 31LLO¥HL

g

e bomn 1

S

Wpndy e

U S VPR

S SR v IR

L

ooy

alsd

-81-



T TR T T T T T T Y e peeny g o pea o ma GBN OB

535/M81 ‘31viIMOT4 sSYw

0°0L0°6 0°% 0% 0°Z o'l 8 _ 9 £ z L*
T \ 0l
Q.
<3
| \ +
. - 4 5 ©
. ® i 25
| | a ©5
| K —1L|.l
_ =5
" \\ =
. p\ — 1 IJ .mm
o3 o 4
c O
/ e
—TT 05 »n &
\ — = n/__
L_l m - .M.bv ®
|| \ a o c ]
- 1 7/ 0 L3
L = i
| > 5=
® | - S s i s PO Sy
R I e e ool =, =<
\ %
¢ ° 2
Jeee-"8 "oN N O >
gee-4 "ON NMY O £
se6-%a "oN Ny @ =
005§

ViR P - R e R e o g
S .. -, o e fas 3

S ten gt



8'¢

9384MO[{ SSe 40 uolzoung y sy
dv 3sAleje) autbuz SI1L PILFLPON 2§ 3dunblLy

D3S/WE1 ‘FJIVIMOTS SSYW

9z a4 &4

0°¢ 8"l 91

‘

At
6E£-" i )
gee-© . 1

N
4
q
o4
1
i
i
-
_ _
i i
: A
; |
- 1 e £ [] t ‘4 F o [ ﬂ.{anh.‘ _T:.l‘.l

O
>
u—?
> '
o
S 0
—
>
)
O
«
(w)
i ~ o

ey

%



s p—— r———— prrem—— ﬁl-l": e “.\.ll,! ‘v|.|.‘0A > wu‘l\» - et ‘ll“, _‘lil _ . - — _ _

qce - m uny 404 Bwil O uoijdung y Sy
sadnjeJdadwa) aulbul S11 PILILPOW *2G dunbLy

ZO_._.Umm OZ_D N JHL NI J3¥NSYIWe

aEz_onﬁ_s 1SN¥HL szuwm._ il
, _. .",.Ew,_,
| 15D |-
A - L e o RS
ORI T 0 R OO B e = uz:p L Ch
Criiee U e !
R P ! : : ! . v, 0
AR i
| L
ST T o
U 2
SRSl o =
_[4 I wlllxu [}
! i t =
R &
N S lh

ER ]

S . A i I e oS . TAEe— e TR e e



6€¢

€

sadanjeaadws| auLbul St poLiLpoy

g uny 404 BWL] JO u0LIdUN4 Y SY

"€G 8u4nbiLyg

ANOD FHL NI dRNNSYIW

il

(31 YWIXOY

et i

jgrasssagansenansuupunanpunihsg

dd

frpL
jEssar
T

S

T
++

.

gasssse

83

— ; s T . 18

b . PN e R
b INNOW IATVYA L - xr Muﬂ._ i)
TS A A RS 4 i -

w. _ N “ M “nmx ’.ﬂw [ised sosh

| i i Pt 334 it T
U VY NP SRR R I

P P .ﬁ i i

e ; R 2 22

m : ; m : L M

P ; “ P :
B L .- - R ._ e -

I i : : [ j2abss

v b i g L it

: H : H : [ e ki pERPe B¢

L i ! IR L ;Ww..

: ] m R 5t i

S A i ai
SPURESURUOY SRR FORUE SO SR SNDRNE SO S 1 £ £ 23 &t RezEeyi

o i : R EEES: 23385

i $o8; i3

i

IEEee:

8
i

T, i3atl
geoed sl

11

008

0001

00¢l

23S ‘NNLVAIIWAL

00¥lL

0091

008!

-

S

LR V- B O

rt e

000¢

-85~




AMPLITUDE RATIO ~ DB

-2

-10

-12

TEST B3-339
COMMANDED AMPLITUDE = 60 % 25%
]
=
¢
‘ 0
|
- .
_ g — ﬁ.ﬁ.ﬁ»} —
- ]
\\ N
-20
‘\\\ \
N
\ r
q .
A\ —-40
Q
h \\ "60
O ENGINE RESPONSE \
-80
A VALVE RESPONSE
D ENGINE REQUIREMENT
I
1.0 5.0 10.0
FREZUENCY ~ HZ

Figure 54. TTS Frequency Response Data
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Table 17. TTS 60 + 25% Frequency Response Summary
Valve Response ' Pc Response
Frequency AMP g??ii AMP 22??5
(Hz) Ratio (db) (de,rees) Ratio (db) (degrees )
1.0 - .09 -5 . - .53 -5
5.0 v .09 -8 - .44 - 36
10.0 - .09 - 31 - 1.2 - 89 g
| ;
Table 18. Modified TTS Engine and LTV Throttle Valve
Step Response Summary
Valve Response Engine Response ' !
+— - |
Time to ; Time to © Time to 90% : Time to 90% Change in
Run Step | 90% Open, | 90% C]osed,i of Step-up, : of Step-down, Thrust
M.S. I M.S. - M.S. | M.S. Level %
. }
By - 338 2 37 i 76 40-100
i
3 ! 50 ; 50 100-60
| X
8 ‘ 28 40 60-40
9 28 i 68 40-20
By-3%9 2| 67 | 88 20-100
3 38 ' 50 100-60
k .2 ' 44 60-40
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3. CONCLUSIONS AND RECOMMENDATIONS

The 600 1bf maximum thrust throttling thrustor system, including a
flight weight thrust chamber and electromechanical throttle valve, has
generally demonstrated the requirements currently defined for a planetary
landing vehicle. Based on a study of various thrustor-throttling concepts,
this catalytic unit is near optimum for the defined mission. This study
indicated that relatively low (200 psia) chamber pressure and expansion
ratio are optimum, and that a catalytic thrustor is Tighter than a thermal
decomposition unit of the same thrust at or below 1200 1bf, the maximum
size studied.

The testing program was limited toc one throttle valve (the Moog rotary
was not available for the engine test program) and to sea level testing.
Thus, demonstrated throttling range was limited and nozzle perrormance was
not measured. Completion of life (> 500 seconds) and throttle range (10:1)
testing together with accumulating more comprehensive dynamic data is
recommended. The marked difference in stability observed as a result of
the catalyst bed modification should also be investigated in detail.
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Appendix A
SPECIFICATION - FLOW CONTROL ASSEMBLY
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PRELIMINARY SPECIFICATION - FLOW CONTROL ASSEMBLY

1.0  SCOPE

This specification establishes the preliminary requirements for
performance, design and test for a flow control assembly consisting of a
non-cavitating venturi throttle valve, electromechanical actuator and position

feedback transducer; hereafter referred to as the assembly.

2.0  APPLICABLE DOCUMENTS

3.0  REQUIREMENTS
3.1 General Design

The design of the assembly shall utilize flightweight components

wherever possible.
3.2 Mechanical Design

3.2.1 Configuration - The ass.mbly shall consist of a non-cavitating venturi
flow control valve, with removable pintle, a single torque motor, a ball nut,
which is rotated by the torque motor, a ball screw shaft which extends or
retracts the flow control valve pintle and a position feedback transducer.
The position pickup of the feedback transducer shall be connected to the ball
screw or the flow control valve pintle. External connections shall be pro-

vided for telemetering valve position data.

3.2.2 Seals - A soft bellows or diaphragm device shall be used to hermetically

seal the torque motor cavity and prevent leakage of hydrazine or hydrazine

vapor into the cavity.
3.2.3 Pressure
3.2.3.1 Operating Pressure - The assembly shall meet the requirements of

this specification with the static pressure at the inlet to the valve between
240 and 480 psia.

3.2.3.2 Proof Pressure - The assembly shall be capable of withstanding a
proof pressure of 1,000 psia for a period of three minutes. The assembly

shall meet all requirements of this specification after removal of the proof

pressure.
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3.2.3.3 Burst Pressure - The assemply shall be capable of withstanding a

burst pressure of 1,500 psia without bursting or leakirg externally.

3.2.3.4 Pressure Transients - The assembly shall withstand pressure spikes

of up to 3,000 psia for durations of 10 ms.

3.2.4 Operating Fluids

3.2.4.1 Propellant - The propellant shall be hydrazine per MIL-P-26536B.
3.2.4.2 Calibrating Fluid - Flow tests shall be run using distilled water.
3.2.5 Leakage

5.2.5 i

.1 External - Overboard leakage shall be minimized. A toctal leakage
rate of 0.004 ins/sec of hydrazine with an operating pressure of 480 psia shall
be used as a design goal.

2.2.5.2 Internal - The valve is not required to seal across the throttle seat.

3.2.6 Mechanical Stops - Mechanical non-jamming stops shall be provided to

limit the throttle valve pintle overtravel. The stops shall limit the pintle
stroke at -15% and +115% of full command stroke range.

3.2.7 Weight - An assembly weight of 2.5 lbm shall be used as a design goal.
3.2.8 Operating Mode - The assembly shall operate in a non-cavitating throttling

mode over the total throttle setting and pressure ranges.

3.2.9 Hyst:eresis - A hysteresis of 17 of full stroke shall be used as a design
gral.

3.3 Electrical Design Requirements

3.3.1 Response - The assembly shall meet all the requirements of Paragraphs
3.4.1 and 3.4.3 with a voltage of 28 :3 vde and a power limit of 70 watts.

3.3.2 Operation - The assembly shall operate with a motor voltage of 28 + 4 vdc.
3.3.3 Power - Maximum (stall) power consumption at 28 vdc shall be 70 watts.

3.4 Performance

3.4.1 Step Response - The assembly position step response as indicated by the

position transducer, shall be such that 90 percent of any step change in
commanded position shall be attained in 60 ms or less.

3.4.2 Frequency Response - In response to a 5 HZ sinusoidal command signal

input of 60 + 10%, the position shall have a phase lag no greater than 15° and
an amplitude ratio of .95. The amplitude ratio shall be 1.25 over the frequency
range from 0 to 10 HZ.

3.4.3 Overshoot - The position overshoot due to any step command change shall

not exceed 15 percent of the commanded position change.
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3.4.4 Flowrate - The flowrate versus command voltage shall be as specified
in Table 1 for an inlet pressure of 360 psia and propellant temperature of
70 + 5°F. The flowrate shall be within + 3% of any commanded flowrate in
the range of 2.12 to 0.21 1lb/sec.

3.4.5 Pressure Drop - The allowable pressure drop across the assembly shall

be as specified in Table 1. The supplier shall determine the pressure drop
for a propellant flowrate of 2.61 lb/sec. at an inlet pressure of 480 psia, for
the 100% throttle setting.
3.4.6 Linearity - The pict of {lowrate versus command vecltage shall be
smooth and continuous and the slope at any point shall not deviate more
than + 10% from the nominal flowrate versus command voltage curve taken
from the points in Table 1.
3.5  Environment
3.5.1 Non-Operating
3.5.1.1 Vibration - While mounted by normal mounting provisions, the assembly
shall withstand random vibration. The overall random vibration level is 15.7
grms with a power spectral density of 0.2 g2/HZ between 550 and 1,000 HZ with a
3 db/actave rolloff below 550 HZ and a 6 db/actave rolloff above 1,000 HZ (to
2,000 HZ) for 60 seconds duration per axis.
3.5.1.2 Temperature

a. Transportation ai.d Storage - Surrounding air temperature shall be

between - 20°F and 160°F.
b. Heat Sterilization Cycle - The assembly shall be capable of with-

standing a heat sterilization cycle consisting of 64 hours at 275°F
for a total of six cycles.
3.5.2 Operating
3.5.2.1 Vibration - The operating vibration shall be the same as specified
in Paragraph 3.5.1.1.
3.5.2.2 Temperature - The assembly shall be exposed to propellant between
+ 40° and + 90°F and to system hardware temperatures between + 40° and
120°F.
3.5.2.3 Pressure - The assembly shall be exposed to propellant pressures

between 0 and 480 psia and environmental pressures between .44 and 32 in Hg.

4.0 QUALITY ASSURANCE PROVISIONS
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4.1 Responsibility for Testing

Unless otherwise specified in the contract or purchase order, the
supplier is responsible for all testing specified herein. The supplier may
use his own facilities or any commercial laboratory acceptable to the customer.

4.1.1 Witnessing of Tests - TRW shall have the right to witness all tests,

and shall be notified when tests are to be conducted so that a representative

- ) 3 1
nay voc d:s‘gnated for this

4.2  Acceptance Testing

A,
e

4.2,1 Functional - The following component testing will be performed by
the supplier:

-

N

No-flow step response (Paragraph 3.4.1)

Iy

a
b. No-flow frequency response (Paragraph 3.4.2)

c¢. Max stroke (Paragraph 3.2.6)

d. Hysteresis (Paragraph 3.2.9)

e. Proof pressure (Paragraph 3.2.3.2)
f. External leakage (Paragraph 3.2.5.1)
g. Power consumption (Paragraph 3.3.3)
h. Stroke versus command voltage

i. Operating mode (Paragraph 3.2.8)

4.2.2 Characterization - The following component testing will be performed

by the supplicr:

b

‘g
#
%,
&
'E%
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;‘§
A

L |

a. Water flow calibration of the throttling device to ascertain the

pressure drop versus flowrate characteristics as a function of

'pga u.,v!

throttle valve position per Paragraphs 3.4.4, 3.4.5 and 3.4.6.

b. Water flow testing of the throttling device to ascertain the dynamic

g response characteristics of the assembly per Paragraphs 3.4.1, 3.4.2
3.4.3.
r- 4.3 Test Plan
The supplier shall submit to TRW a proposed test plan. TRW shall
- evaluate said plan and notify the supplier of acceptability within one week

i of receipt.
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THROTTLE SETTING

100%
95
90
75
50
25
15
10

TAELE 1

FLCW

— e = NN

SCHEDULE

-

.12 1bs/sec

01

.91
.58
.06
.53
.32
.21
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33 psid
54
74
133
224
305
334
348
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Appendix B
NEW TECHNZLOGY REPORTS
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In keeping with the new technology reporting provisions of the
contract, the following items were reported:

Title Innovator(s) Reference Date
Thermal Decomposition A. D. Harper Second Quarterly 20 October 1969
Engine Proqress Report,

Repart No.
69.4726.3-86,

_ 1
pp. IV-1 - I¥-3

Radial Flow Reactor R. J. Kenny Second Quarterly 20 October 1979
Progress Report,
Report No.
69.4726.3-86,
pp. IV-2 - IV-6
High Efficiency C. R. Hunter Second Quarterly 20 Octooer 1969
Monopropellant R. J. Kenny Progress Report,
Reactor Report No.
69.4726.3-86,
pp. IV-6 - IV-9
Throttleable P. B. Mitchell Second Quarterly 20 October 1969
Monopropellant Progress Report,
Rocket Engine Report No.

69.4726.3-86,
pp. IV-9 - IV-11
A1l of these items evolved in the course of studying various concepts
applicable to planetary landers. They represent “new" combinations and
applications of old ideas. None of these are considered to offer any
significant gain for the specific missions inw .igated.
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